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We analyze CP violation and flavor changing effects in a minimal supersymmetric standard model
with arbitrary nonuniversal soft breaking. Large flavor changing neutral current effects are naturally
expected in the K system, even in the absence of quark-squark flavor misalignment. However, the B
system is sensitive to new supersymmetric contributions only if nonuniversality implies, not only different
soft terms for the three generations but also a large quark-squark misalignment. The only exceptions are
processes with a leading chirality changing contribution proportional to tanb (as b ! sg).
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CP violation and flavor changing neutral current
(FCNC) experiments are a main arena where searches of
new physics beyond the standard model (SM) of elec-
troweak interactions will take place in the near future. In
these processes, SM contributions are small and hence new
contributions are allowed to compete on equal grounds.
In fact, the currently available experimental information
allows us to set stringent bounds on any extension of the
SM in the neighborhood of the electroweak scale. The
so-called minimal supersymmetric extension of the SM
(MSSM) constitutes one of the most interesting examples
of this. Indeed, it is well known that a general MSSM with
completely arbitrary soft-breaking terms tends to overpro-
duce FCNC and CP violation effects, and this is used to
set stringent bounds on the structure of the sfermion mass
matrices [1]. However, the size of FCNC and CP violation
effects are strongly dependent on the supersymmetry soft
breaking terms which finally define a particular MSSM.
In a recent work [2,3], we showed that in the absence of
new flavor structures no sizable supersymmetric (SUSY)
contributions to CP violation observables, such as ´K ,
´0�´, or hadronic B0 CP asymmetries, can be expected.
In contrast, the presence of nonuniversality in the trilin-
ear terms, expected in string theories [4,5], is already
enough to generate large supersymmetric contributions
to ´0�´ [6–8]. Unfortunately, the large theoretical un-
certainties in the SM prediction prevent us from using
this observable to identify these new supersymmetric
contributions.

In this Letter, we will address the problem of indirect
SUSY discovery in the framework of a completely gen-
eral MSSM (see our definition below). This analysis does
not intend to exhaust every single possibility, but rather to
provide a general view of the “natural” SUSY effects. To
our knowledge, such a study is so far absent in the litera-
ture. The common attitude towards this problem consists
of a pure phenomenological analysis through the mass in-
sertion (MI) approximation [1,9]. However, we will show
that the inclusion of very general and reasonable theoreti-
0031-9007�01�86(1)�26(4)$15.00
cal requirements has a deep impact on the expectations
of these SUSY effects when compared with MI bounds.
In particular, we will see that while large supersymmetric
effects in hadronic B CP asymmetries are possible only
under some special conditions [10], in the kaon system
these are naturally expected in any model with nonuniver-
sal soft-breaking terms. More precisely it follows: (i) If the
new SUSY flavor structure is given by nonuniversal flavor
diagonal soft terms, then only the kaon system is sizably
affected in FCNC and CP violation processes [however,
observables with a dominant chirality changing part pro-
portional to tanb �b ! sg, b ! sl1l2, . . .� escape this
rule, even in the absence of new flavor, for large tanb

[2,11] ]. (ii) If SUSY signals are to be seen in CP vio-
lating hadronic B decays, then it implies the presence not
only of flavor diagonal nonuniversality, but also a rather
large quark-squark flavor misalignment [much larger than
Cabibbo-Kobayashi-Maskawa (CKM) mixings].

In this context, it is interesting to comment on the new
results for the B ! J�cKS CP asymmetry recently ob-
tained by BaBar and BELLE [12]. Taking into account the
above statements, a generic MSSM is likely to produce
a sizable effect in ´K , possibly lowering this asymmetry.
However, a direct contribution to the B0 CP asymmetry is
possible only under special conditions and usually associ-
ated with a large contribution in the kaon system.

In the first place, we define our MSSM through a set of
four general conditions: (i) Minimal particle content: We
consider the MSSM, the minimal supersymmetrization of
the standard model with no additional particles from MW

toMGUT. (ii) Arbitrary soft-breaking terms O �m3�2�: The
supersymmetry soft-breaking terms, as given at the scale
MGUT, have a completely general flavor structure, how-
ever, all of them are of the order of a single scale, m3�2.
(iii) Trilinear couplings originate from Yukawa couplings:
Although trilinear couplings are a completely new flavor
structure they are related to the Yukawas in the usual way:
YAij � Aij ? Yij , with all Aij � O �m3�2�. (iv) Gauge cou-
pling unification at MGUT.
© 2000 The American Physical Society
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In this framework, to define our MSSM, all we have
to do is to write the full set of soft-breaking terms.
This model includes, in the quark sector, seven different
structures of flavor, M2

Q̃ , M2
Ũ , M2

D̃ , Yd , Yu, YAd , and
YAu . However, these seven matrices are not completely
observable; only relative misalignments among them
are physical. Hence, we have the freedom to choose a
convenient basis. At the supersymmetry breaking scale,
MGUT, the natural basis, especially from the point of view
of the SUSY breaking theory, is the basis where all the
squark mass matrices, M2

Q̃ , M2
Ũ , M2

D̃ , are diagonal. In this
basis, the Yukawa matrices are y1Yd � KDLy ? Md ? KDR

and y2Yu � KDLy ? Ky ? Mu ? KUR , with Md and Mu

diagonal quark mass matrices, K the CKM mixing matrix,
and KDL , KUR , KDR unknown, completely general, 3 3 3
unitary matrices.

In a basis independent language the matrices KDL ,
KDR , KUL , and KUR measure the flavor misalignment
among dL-Q̃L, dR-d̃R , uL-Q̃L, and uR-ũR , respectively.
All we know experimentally of these matrices is that there
is, indeed, a minimum degree of misalignment among
KDL and KUL , described by the CKM mixing matrix
KUL ? KDLy � K . This relation can be used to fix one of
these matrices and there remain three unknown matrices,
KDL , KDR , and KUR . From the phenomenological point
of view, we could have two complementary pictures.
If the source of flavor structure in the SUSY breaking
sector is completely independent from the source of
flavor in the Yukawa sector, these matrices are completely
arbitrary and large mixings are possible. However, if
the flavor structure in the Yukawa sector and the soft-
breaking terms have a common origin or are somehow
related, they can be expected to be close to the identity
or to the CKM mixing matrix. As we will see below,
these two scenarios have very different phenomenological
consequences. Finally, the trilinear matrices, YAd and YAu ,
are specified in this basis by the SUSY breaking theory as
YAij � Aij ? Yij .

Once we specify these 7 matrices, our MSSM model is
fully defined at the MGUT scale. However, experimentally
measurable quantities involve the sfermion mass matrices
at the electroweak scale. So, the next step is to use the
MSSM renormalization group equations (RGE) [13,14]
to evolve these matrices down to the electroweak scale.
Below the electroweak scale, it is more convenient to
work in the SCKM basis where the same unitary transfor-
mation is applied to both quarks and squarks so that quark
mass matrices are diagonalized. The main RGE effects
from MGUT to MW are those associated with the gluino
mass and third generation Yukawa couplings. Regarding
squark mass matrices, it is well known that diagonal
elements receive important RGE contributions propor-
tional to gluino mass that dilute the mass eigenstate
nondegeneracy, m2

D̃Ai
�MW � � ciA ? m2

g̃ 1 m2
D̃Ai

[3,13,14],

with c
1,2
L � �7, 7�, c3

L � �5.8, 5.0�, c1,2
R � �6.6, 6.6�, and
c3
R � �6.6, 4.5� for �tanb � 2, tanb � 40�. In the limit

of complete degeneracy of the initial diagonal values at
MGUT (equivalent to the constrained MSSM) off-diagonal
elements after RGE running are necessarily proportional
to masses and CKM elements and hence small. This
means that any larger new contribution to off-diagonal
elements, possibly due to a large quark-squark mis-
alignment in the different KA matrices, must be, at
the same time, proportional to the difference of mass
eigenstates at MGUT. Then, in the SCKM basis the
off-diagonal elements in the sfermion mass matrices
will be given by �KA ? M2

Ã ? KAy�ifij up to smaller
RGE corrections. On the other hand, gaugino effects
in the trilinear RGE are always proportional to the
Yukawa matrices, not to the trilinear matrices themselves,
and so they are always diagonal to extremely good
approximation in the SCKM basis. Once more, the
off-diagonal elements will be approximately given by
�KAL ? YAu,d ? KARqy�ifij .

After RGE running, flavor-changing effects in the
SCKM basis can be estimated by the insertion of
flavor-off-diagonal components of the mass-squared
matrices normalized by an average squark mass, the
so-called mass insertions (MI) [1,9]. In the first place,
we will analyze the LR MI. Because of the trilinear term
structure, the LR sfermion matrices are always suppressed
by mq�mq̃, with mq a quark mass and mq̃ the average
squark mass. In any case, this suppression is compul-
sory to avoid charge and color breaking and directions
unbounded from below [15]. In particular, it is required
that �ddLR�ifij &

p
3 max�mi ,mj��mq̃. which implies that

�ddLR�12 &
p

3ms�mq̃ � 3.2 3 1024�500 GeV��mq̃ and
�ddLR�13 &

p
3mb�mq̃ � 0.01�500 GeV�mq̃�, where we

take all quark masses evaluated at MZ [16]. The phe-
nomenological MI bounds given in Table I are stronger
only for Im�ddLR�12. Hence, this means that there is
still room to saturate ´0�´ with LR mass insertions.
However, these bounds imply that, under general circum-
stances, it is not possible to saturate simultaneously ´K
and ´0�´ with a j�ddLR�12j � 3 3 1023 as suggested in
Refs. [6,10].

For an explicit example of this we write the trilinear
couplings in matrix notation as

TABLE I. Mass insertion bounds with x � 1 and
mq̃ � 500 GeV. They are completely symmetric under
the exchange LL $ RR or LR $ RL.

DmK ´K

jRe�ddLL�2
12j

1�2 jRe�ddLR�2
12j

1�2 jIm�ddLL�2
12j

1�2 jIm�ddLR�2
12j

1�2

0.040 0.0044 0.0032 0.00035

´0�´ DmBd

Im�ddLL�12 Im�ddLR�12 jRe�ddLL�2
13j

1�2 jRe�ddLR�2
13j

1�2

0.50 0.000 021 0.098 0.033
27
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YAd�u��MGUT� �

0
BBB@
a
Q
1 0 0
0 a

Q
2 0

0 0 a
Q
3

1
CCCA ? Yd�u� 1 Yd�u� ?

0
BBB@
a
D�U�
1 0 0

0 a
D�U�
2 0

0 0 a
D�U�
3

1
CCCA , (1)

where this form is found for instance in a type I string model [5,7]. As discussed above, gluino RGE effects are again
diagonal in the SCKM basis and off-diagonal elements are basically given by the initial conditions. So, using unitarity
of KDL and KDR , it is straightforward to get

�ddLR�ifij �
1

m2
q̃

�mj�a
Q
2 2 a

Q
1 �KDLi2 K

DL�
j2 1 mj�a

Q
3 2 a

Q
1 �KDLi3 K

DL�
j3 1 mi�aD2 2 aD1 �KDRi2 K

DR�
j2

1 mi�aD3 2 aD1 �KDRi3 K
DR�
j3 � . (2)
In the kaon system, we can make a simple estimate neglect-
ingmd and assumingKDL 	 K , which is the expected size
if quark and squark masses have a common flavor origin
[case (i) in the above introductory discussion]:

�ddLR�12 �
ms
mq̃

�aQ2 2 a
Q
1 �

mq̃
K12K

�
22

� a4 3 1025

µ
500 GeV
mq̃

∂
, (3)

where a is a constant typically between 0.1 and 1. Com-
paring with the bounds on the MI in Table I we can see
that indeed this value could give a very sizable contribu-
tion to ´0�´ [6,7]. It is important to notice that the phase
of �aQ2 2 a

Q
1 � is actually unconstrained by electric dipole

moment (EDM) experiments as emphasized in [7]. This
result is very important: it means that even if the relative
quark-squark flavor misalignment is absent, the presence
of nonuniversal flavor-diagonal trilinear terms is enough
to generate large FCNC effects in the kaon system.

Similarly, in the neutral B system, �ddLR�13 contributes
to the Bd 2 B̄d mixing parameter, DMBd . However, in the
common flavor origin scenario [case (i)], i.e., KDL 	 K (a
direct extension of Ref. [6] mechanism), we obtain

�ddLR�13 �
mb
mq̃

�aQ3 2 a
Q
1 �

mq̃
K13K

�
33

� a4.8 3 1025

µ
500 GeV
mq̃

∂
, (4)

clearly too small to generate sizable b̃-d̃ transitions, as can
be seen comparing to the MI bounds in Table I.

Larger effects are still possible in our second scenario
where flavor origin in the Yukawa sector and the soft-
breaking sectors are unrelated [case (ii)]. In this frame-
work, a large mixing could be possible, and with a maximal
value, jK

DL
13 K

DL�
33 j � 1�2, we would get �ddLR�13 � a3 3

1023 �500 GeV�mq̃�. Even in this limiting situation, this
result is roughly 1 order of magnitude too small to saturate
DMBd , though it could still be observed through the CP
asymmetries. Hence in the B system we arrive at a very
different result: it is not at all enough to have nonuniversal
trilinear terms, but, it is also required to have large flavor
misalignment among quarks and squarks.

The situation for the LL and RR mass insertions is less
defined due to the absence of any theoretical prejudice on
28
these mass matrices at MGUT. In any case we can write
these MI as

�ddA�ifij �
1

m2
q̃

��m2
D̃A2

2 m2
D̃A1

�KDAi2 K
DA�
j2

1 �m2
D̃A3

2 m2
D̃A1

�KDAi3 K
DA�
j3 � . (5)

However, due to the gluino dominance in the squark eigen-
states at MW we can say that m2

q̃�MW � 	 7m2
g̃�MGUT�.

Hence, �m2
D̃Ai

2 m2
D̃A1

��m2
q̃ 	 0.1bm2

q̃ with b a number
O �1�. Replacing these values in Eq. (5), this means, for
the kaon system and assuming CKM-like mixing [case (i)],

�ddA�12 � 0.1bK12 � 0.02b . (6)

Hence, in the presence of nonuniversality, sizable SUSY
contributions to the kaon mass difference are expected.
Regarding CP violation observables, with large phases in
the KDA matrices, big contributions to ´K arise (notice
m2
D̃Ai

are always real numbers). This is again equivalent to
our result for the LR transitions: even if the sfermion mass
matrices at MGUT are flavor diagonal, large FCNC effects
are produced in the K system with family nonuniversal
masses.

In the B system, we must again distinguish our two
possible scenarios. In case (i), KDL 	 KDR 	 K ,

�ddA�13 � 0.1bK13 � 8 3 1024b , (7)

clearly too small to be observed at the B factories. Nev-
ertheless, in the presence of large mixing, still possible
when flavor in the soft breaking terms has an indepen-
dent source, we can get K

DA
13 K

DA�
33 � 1�2. In this limiting

situation �ddA�13 & 0.05, still reachable through CP asym-
metries at the B factories in the presence of a sizable phase
in KDA . So, we find again that to have observable effects
in the B system it is required to have not only the pres-
ence of nonuniversality but also large quark-squark flavor
misalignment.

In summary, in gluino mediated transitions large effects
are expected in the Kaon system in the presence of nonuni-
versal squark masses even with a “natural” CKM-like mix-
ing. However, in the B system, due to the much lower
sensitivity to supersymmetric contributions, observable ef-
fects are expected only with approximately maximal b̃-d̃
mixings.
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Finally, we add a short comment on chargino contribu-
tions. The chargino sector is more involved due to the
presence of the CKM mixing matrix and the additional
mixing wino higgsino. However, for large and similar
squark mixings in the up and down sector, chargino and
gluino contributions are expected to be of the same order,
barring special situations as light stop (Mt̃ & 300 GeV)
and chargino. Indeed, in this case, the effects of the CKM
matrix in chargino couplings are sufficiently small and
can be neglected. Then, the flavor changing chargino and
gluino vertices have similar mixing matrices and the dif-
ference in the couplings is compensated through the RGE
relation a3�m2

g̃ � a2�m2
w̃ . The only additional ingredient

in chargino vertices is the presence of Higgsino. Higg-
sino couplings are suppressed by small Yukawa couplings
with the exception of the top quark with Yt 	 1. Hence,
the main difference between gluino and chargino contri-
butions is the possible presence of a light stop due to the
the large top quark Yukawa coupling. The analysis of
these new SUSY flavor contributions to Bd-B̄d mixing in
the presence of light stop and chargino was considered in
Ref. [10] (for a discussion in the flavor universal case, see
[17]). It was shown there that, for a light stop of 140 GeV
and a chargino of 100 GeV and with a large ũL-t̃L mixing,
K
UL
13 � lc, it is still possible to produce contributions to

sin2b as large as 0.78 with dCKM � 0. However, this is
a limiting case, light stop and chargino and, more impor-
tant, a sizable mixing in the ũL-t̃L are required. Hence we
conclude that chargino contributions are fit in our general
scheme and only in a scenario with different flavor origin
in the Yukawa and where soft-breaking sector sizable ef-
fects appear.

In conclusion, we have shown that in the kaon system
large SUSY effects are naturally expected in any model
with nonuniversal soft-breaking terms. In this direction,
several works can be found in the literature [18,19] in the
mass insertion context, and a complete analysis will be pre-
sented in a short time. On the other hand, a discovery of
a supersymmetric contribution to hadronic B0 CP asym-
metries would signal the presence of a different origin of
flavor in the breaking of SUSY.

We thank T. Kobayashi, E. Lunghi, M. Misiak, and J. C.
Pati for enlightening discussions. The work of A. M. was
partially supported by the European TMR Project “Be-
yond the Standard Model” Contract No. ERBFMRX CT96
0090; O. V. acknowledges financial support from a Marie
Curie EC Grant (TMR-ERBFMBI CT98 3087) and partial
support from Spanish CICYT AEN-99�0692.
[1] F. Gabbiani et al., Nucl. Phys. B477, 321 (1996);
J. Hagelin, S. Kelley, and T. Tanaka, Nucl. Phys. B415,
293 (1994).

[2] D. A. Demir, A. Masiero, and O. Vives, Phys. Lett. B 479,
230 (2000).

[3] D. A. Demir, A. Masiero, and O. Vives, Phys. Rev. D 61,
075009 (2000).

[4] A. Brignole, L. Ibañez, and C. Muñoz, Nucl. Phys.
B422, 125 (1994); T. Kobayashi et al., Phys. Lett. B
348, 402 (1995); A. Brignole et al., Z. Phys. C 74, 157
(1997).

[5] L. E. Ibañez, C. Muñoz, and S. Rigolin, Nucl. Phys. B553,
43 (1999).

[6] A. Masiero and H. Murayama, Phys. Rev. Lett. 83, 907
(1999).

[7] S. Khalil, T. Kobayashi, and O. Vives, Nucl. Phys. B580,
275 (2000).

[8] S. A. Abel and J. M. Frere, Phys. Rev. D 55, 1623 (1997);
K. S. Babu, B. Dutta, and R. N. Mohapatra, Phys. Rev.
D 61, 091701 (2000); S. Khalil, T. Kobayashi, and
A. Masiero, Phys. Rev. D 60, 075003 (1999); S. Khalil
and T. Kobayashi, Phys. Lett. B 460, 341 (1999);
R. Barbieri, R. Contino, and A. Strumia, Nucl. Phys.
B578, 153 (2000); S. Baek et al., Korea Institute of
Science Report No. KAIST-TH-99-1; hep-ph/9907572.

[9] L. J. Hall, V. A. Kostelecky, and S. Raby, Nucl. Phys. B267,
415 (1986).

[10] M. Brhlik et al., Phys. Rev. Lett. 84, 3041 (2000).
[11] P. Cho, M. Misiak, and D. Wyler, Phys. Rev. D 54, 3329

(1996); S. Baek and P. Ko, Phys. Lett. B 462, 95 (1999);
A. L. Kagan and M. Neubert, Phys. Rev. D 58, 094012
(1998).

[12] BaBar Collaboration, B. Aubert et al., Report No. SLAC-
PUB-8540; hep-ex/0008048; Belle Collaboration, H. Ai-
hara et al., in Proceedings of the International Conference
on High Energy Physics, Osaka, Japan, 2000.

[13] N. K. Falck, Z Phys. C 30, 247 (1986).
[14] S. Bertolini et al., Nucl. Phys. B353, 591 (1991).
[15] J. A. Casas and S. Dimopoulos, Phys. Lett. B 387, 107

(1996).
[16] G. Rodrigo, A. Santamaria, and M. Bilenky, Phys. Rev.

Lett. 79, 193 (1997); H. Fusaoka and Y. Koide, Phys. Rev.
D 57, 3986 (1998).

[17] G. C. Branco et al., Nucl. Phys. B449, 483 (1995); Phys.
Lett. B 337, 316 (1994); A. Brignole, F. Feruglio, and
F. Zwirner, Z. Phys. C 71, 679 (1996); A. Ali and
D. London, Eur. Phys. J. C 9, 687 (1999).

[18] A. J. Buras et al., Nucl. Phys. B566, 3 (2000).
[19] G. Colangelo and G. Isidori, JHEP 9809, 009 (1998);

A. J. Buras and L. Silvestrini, Nucl. Phys. B546, 299
(1999).
29


